(19) 




Eufopaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(11) EP1 231 813 A2 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

14.08.2002 Bulletin 2002/33 

(21) Application number: 01306911.7 

(22) Date of filing: 14.08.2001 



(51) lntCl7: H04Q 11/00 



(84) Designated Contracting States: 


• Song, Slang 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


Whippany, New Jersey 07981 (US) 


MC NL PT SE TR 


• Kyeong-Soo, Kim 


Designated Extension States: 


San Jose, California 95131 (US) 


AL LT LV MK RO SI 


• Woojune, Kim 




Songpa-Gu, Seoul 138-740 (KR) 


(30) Priority: 12.02.2001 US 781863 


• Fenglcun, Liu 




Ocean, N.Y. 07712 (US) 


(71) Applicant: LUCENT TECHNOLOGIES INC. 


• Yong-Kwan, Park 


Murray Hill, New Jersey 07974-0636 (US) 


Or. Annandale, New Jersey 08801 (US) 


(72) Inventors: 


(74) Representative: 


• Van Eijk, Peter 


Watts, Christopher Malcolm Kelway, Dr. et at 


3755 GE Eemnes (NL) 


Lucent Technologies NS UK Limited, 


• Even, Reed K. 


5 Mornington Road 


Livingston, New Jersey 07039 (US) 


Woodford Green Essex, tG8 OTU (GB) 


• Van Heyningen, Piet 




1343 AA Almere (NL) 





(54) Fast protection switching by snooping on downstream signals in an optical network 



(57) An optical network has an optical splitter con- 
nected to (1) a working optical subscriber unit (OSU) of 
a working circuit, (2) a protection OSU of a protection 
circuit, and (3) one or more optical network temninals 
(ONTs), where an ONT has (i) a working line temiination 
(LT) unit of the working circuit and connected to the op- 
tical splitter via a working optical fiber and (il) a protec- 
tion LT unit of the protection circuit and connected to the 
optical splitter via a protection optical fiber. The present 
invention enables fast protection switching from the 



working circuit to the protection circuit. The arrival tinnes 
of corresponding downstream cells are measured at 
both the working and protection LT units of the ONT, and 
information related to the arrival times is transmitted 
from the ONT to the protection OSU. A propagation de- 
lay value is generated based on the transmitted infor- 
mation for use by the protection OSU for communica- 
tions with the ONT if and when protection switching is 
implemented upon detection of a failure in the working 
circuit. 




Pnntod by Jouve. 75001 PARIS (FR) 



Description 

BACKGROU ND OFTHF INVFMTir.N. 
Field of the Invention 

[0001] The present invention relates to telecommuni- 

S onttr ' '° schemes 

ror optical communication networks. 



Description of the Related Art 



[0002J Fig. Shows a block diagram of a portion of a 
passive optical network 100 comprising an optical sub- 
scriber unit (OSU) 102, a passive opL spE 1M 
and two optical network terminals (ONTs) - 0NT#1 106 
and ONT #2 108. OSU 102 exchanges optical signal! 
with splitter 1 04 Via bi-directional optical f Ibe7, i o S 
splitter 104 exchanges optical signals with ONT #1 106 
via bi-directional optical fiber 1 1 2 and with ONT #2 1 08 
via bi-directional optical fiber 114 
[0003] OSU 102 functions as a central hub that trans- 
mits downstream optical signals received from a back- 
bone network to splitter 104, which copies and broad- 
casts the downstream optical signals to both ONT #1 
and ONT #2. This broadcasting of downstream optica 
signals is represented in Fig. i by the transmission of a 

ty^fnT ''3"^' '=°"'P"sing data packets VC1 
and VC2 from OSU 102 to splitter 104 over fiber 110 
which passively splits that downstream optical signal in- 
to two identical copies for transmission to ONT #1 over 
fiber 112 and to ONT #2 over fiber 114. 
[0004] In the upstream direction, ONT #1 and ONT #2 

""^^''^^ "P'"^^' ^'9"^'s fibers 
1 12 and114, respectively, to splltter104, which passive- 
ly combines and transmits the two upstream optical siq- 

«hif.n fT. "^'"'^'^'^ °P'*^a' Signal over 

ber 110 to OSU 102, which routes the combined up- 
stream optical signal to the backbone network 
[0005] In order to avoW the different upstream optical 

w?h trr^' '"'"^""^ '"'-'^'ring 
ItL, . « '^^^ P^^sively combined at 

opt ca sputter 104, in one implementation of a passive 

from l"n^:r' '^''''^'^ optical signals 

nom the ONTs are combined based on the principles of 
t.me division multiple access (TDMA) multiplexing in 
Which each ONT Is assigned a unique time slot in Ihe 
comb,ned (i.e. . TDMA) upstream optical signal transmit- 
ted from sputter 104 to OSU 102. By transmitting infor- 

matonmdiscretedatapacketsandbyaccuratelytlming 
the transmission of those data packets from the various 
ONTs, the^arrival of the various data packets at splitter 
.04 can u6 orchestrated to coincide with the coae- 
sponding time slots in the upstream TDMA optical signal 
transmitted from splitter 104 to OSU 102. In this way 
the different upstream optical signals from the different 
ONTs can be passively combined by splitter 104 to gen- 
erate the upstream TDMA optical signal without any in- 
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?his TOM?'?!" '"'^ """'^'^ '^'^ '"'"^^^"^ ONTS. 
This TDMA multiplexing is represented In Fig. 1 by ONT 

#1 transtriitting adata packet VC3 to splitter 104 via fiber 

12 and 0NT#2transmittinga data packet VC4to spW 

Son "V""'' ''''' °f ^"^^se transrJL 

sions coordinated such that splitter 104 can passively 
combine the two upstream optical signals in the optical 
domain to generate and transmit an upstream TDMA 
optical signal comprising data packet VC3 followed by 
'0 data packet VC4 to OSU 102 over fiber 110 

^^^TLi" ^""^ splitter 104 to 

th«^t?il ?^'"^'™'^°''''^°°''^^ssuch,thetime 

SNTTto'ISm'" Tnf ''^"'^ '° f™'" 

,5 Ski! '° "^^y the time that it 

takes for an upstream optical signal to travel from ONT 
^ to splitter 104. In order to ensure accurate TDMA 
muldplexing using a passive optical splitter, the round- 
trip duration for transmissions between splitter 104 and 
each ONT is characterized using a procedure called 
ranging. Qunng ranging, OSU 102 transmits a special 
downstream message that causes ONT #1 to transmit 

t^JTTJ!?"^ "^^^'^^"^ acknowledgment message 
back to OSU 102. OSU 102 measures the total round 
trip duration fromthe time of the transmission of thespe- 
c,al downstream message until the time of the receipt of 

from ONT #1. OSU 102 then repeats the same proce- 
dure with ONT #2 ,0 measure the total round-trip dura- 
30 TrT °y '^"-P-^-s the different meas- 

ured round-tnp durations to generate timing offsets to 
be applied by the different ONTs when transmitting up- 
sfream data packets to splitter 104 to ensure accurate 
TDMA multiplexing. '•■^uraie 

35 S ^^'^ ""^^ ^'■^"smit at a different 

.jrh''T'''''°''^'"°P"'=^'«''«^^^^'"g3different 
ength and since optical splitter 104 passively combines 
the different upstream optical signals received from the 
different ONTs, the upstream TDMA optical signal thai 
arnves at OSU 102 will, in general, consist of a si 
quence of data packets, where each data packet may 
have a different signal power level. In order for OSU 1 02 
to be able to accurately route the different data packets 
to the backbone network, OSU 102 is configured with a 

BMR). One of the characteristics of a BMR is the ability 
to reset its trigger level (I.e., the threshold for distin- 
guBhing between 1 s and Os in a received optical signal) 
at the beginning of each different data packet in a TDMA 
optical signal in order to handle the different signal pow- 
^0 er levels of the different data packets 

[0008] Figs. 2A-D show time lines that demonstrate 
ttie capability of a BMR to adjust its trigger level at the 
beginning of each data packet (i.e., burst). In particular. 

Fig 2A shows a time line con'esponding to a TDMA op- 
teal signal comprising a burst from an ONT w. followed 
by a burst from a different ONT x. followed by a burst 
from yet another ONT y, followed by a burst from still 
another ONT z. where each different burst from each 
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different ONT happens to arrive at the BMR with a dif- 
ferent signal power level. 

[0009] Fig. 2B shows Case (a), where a fixed high trig- 
ger level, as shown in Fig. 2A, is used to process each 
received data packet. In this case, only the data packet 
from ONT y is accurately decoded. The data packets 
fronn the other ONTs are lost, because the high trigger 
level misinterpreted all of that data as Os. Similarly, Fig. 
2C shows Case (b), where a fixed middle trigger level, 
as shown in Fig. 2A, is used to process each received 
data packet. In this case, only the data packets from 
ONT y and ONT z are accurately decoded. Note that the 
case of applying a fixed low trigger level (not shown in 
Fig. 2) may result in Os being misinterpreted as 1s for 
data packets having a high signal power level. Fig. 2D 
shows Case (c), where the BMR uses a variable trigger 
level, as shown in Fig. 2A, to process each data packet. 
In this case, the trigger level is dynamically adjusted at 
the start of each burst of data (i.e., each data packet) to 
accurately decode each data packet from each different 
ONT. 

[0010] As in all telecommunication systems, in order 
to ensure survivability and restore services following the 
occurrence of various servico-affecting defects, it is de- 
sirable to configure networks, such as passive optical 
network 100 of Fig. 1 , with fault detection and protection 
switching capabilities. To ensure high reliability over a 
wide range of services, the network should be able to 
restore services very quickly, usually on the order of 60 
to 200 ms. Protection switching functionality should en- 
sure quick restoration of sen/ice. Additionally, it should 
support automatic detection of failures, generically sup- 
ported by "health check" functions and other suitable 
protocols. 

SUMMARY OF THE INVENTION 

[001 1 ] The present invention is directed to techniques 
for providing fast and reliable protection switching in 
passive optical networi<s, such as network 100 of Fig. 
1, having working and protection circuits. In particular, 
the present invention is directed to an algorithm where 
a protection line termination (LT) unit in an ONT snoops 
on downstream cells in order to generate timing infor- 
mation, which is then transmitted upstream to the work- 
ing OSU, where offsets are generated representing the 
differences belween the working and protection circuits. 
These timing offsets are then applied by a protection 
OSU if and when a protection switch occurs from the 
working circuit to the protection circuit for communica- 
tions between the protection OSU and the ONTs of the 
optica! network. The present invention enables fast pro- 
tection switching by accelerating or even eliminating the 
need for the protection OSU to perform ranging on the 
ONTs after a protection switch. 

[001 2] I n one embodiment, in an optical network com- 
prising an optical splitter connected to (1 ) a wori<ing op- 
tical subscriber unit (OSU) of a working circuit (2) a pro- 
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taction OSU of a protection circuit, and (3) one or more 
optical network terminals (ONTs), wherein at least one 
ONT comprises (I) a working line termination (LT) unit 
of the working circuit and connected to the optical splitter 
5 via a wori<ing optical fiber and (ii) a protection LT unit of 
the protection circuit and connected to the optical splitter 
via a protection optical fiber, the present invention Is a 
method for enabling fast protection switching from the 
working circuit to the protection circuit, comprising the 
10 steps of (a) synchronizing the working and protection LT 
units of the at least one ONT; (b) measuring arrival times 
of corresponding downstream cells at both the working 
and protection LT units of the at least one ONT; (c) trans- 
mitting information related to the arrival times from the 
15 at least one ONT to the protection OSU; and (d) gener- 
ating at least one propagation delay value based on the 
transmitted information for use by the protection OSU 
for communications with the at least one ONT if and 
when protection switching is implemented upon detec- 
tion of a failure in the working circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Other aspects, features, and advantages of 
the present Invention will become more fully apparent 
from the following detailed description, the appended 
claims, and the accompanying drawings In which: 

Fig. 1 shows a block diagram of a portion of a pas- 
sive optical network; 

Figs. 2A-D show time lines that demonstrate the ca- 
pability of a burst mode receiver to adjust its trigger 
level at the beginning of each data packet; 
Figs. 3A-H show timing diagrams that illustrate the 
relationship between the values of Teq, Tid and Td 
as well as provide a simple explanation of the rang- 
ing process carried out in ATM -PON systems that 
conform to the ITU-T Recommendation G.983.1; 
Figs. 4 and 5 show protection topologies corre- 
sponding to Options 8 and D, respectively, from Ap- 
pendix D of the ITU-T Recommendation G.983.1; 
Fig. 6 shows a state diagram of 

a cell delineation procedure, according to cer- 
tain embodiments of the present invention; 
Figs. 7A-E shows a simple example of the cell de- 
lineation procedure corresponding to a state transi- 
tion from the HUNT state to the PRESYNC state of 
Fig. 6; 

Figs. BA-B show time lines representing possible 
results when using a window that Is too small during 
the cell delineation procedure of Fig. 6; 
Figs. 9A-C show time lines representing possible 
results when using a window that is too large during 
the cell delineation procedure of Fig. 6; 
Figs, 10A-E show representations of time lines as- 
sociated with snooping by the protection OSU on 
PLOAM cells; 

Fig. 11 shows a block diagram of a 1 :N protection 
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switching architecture where N=3- 
Fig 12 shows a block diagram of a 1 :N protection 
swrtching architecture in which a single protSon 
cjrcu,t .3 used to protect three different passirop. 

tical networks; ^ 

Rg J3 shows a representation of the protection ar- 
ch lecture of Fig. 5 indicating the characterization 
of he differences in propagation delay between the 
optical splitter and the protected OSU- and 
Fig. 1 4 shows a representation of the protection ar- 
chitecture of Fig. 5 indicating the characterization 

on J!. T''^' propagation delay between the 
optical splitter and a protected ONT. 



DETAILED DF.9nRiPTir.M 
ITU-T Recomm endation G.983 i 

[0014] ITU-T Recommendation G.983 1 defines a 

whT^r"! ''"'"'■'^ "P"*^^' "^^''^ks (PONS) in 
ce L « ^™ (Asynchronous Transfer Mode) 

th?G sesTl'r Accon^ing to 

a TDMA Channel that is divided into frames, each frame 
having 53 time slots. Each time slot may contan 
56-byte upstream cell generated by a particular ONT 
where each S6-byte upstream cell comprises a 3-byte 

n!^ fi Operations Administration and Mainte- 
nance (PLOAM) cell or a conventional ATM cell cont^ n 

rjhV^''-.'''-^'''' ""^ ^P^'^'^' cells 
used by the optical subscriber unit (OSU) and the optical 
network terminals (ONTs) to communicate wiihone at 

\T1 ^"f""^'"^ ^° 1 recommendation 

^.TT T °' - ^°"'inuous 

stream o cells, where the stream is transmitted (ie 

divided into frames, each frame having 56 cells and 
eacn cell having 53 bytes. At the beginning andt e m.d 

Conl . ' '^'^ inserted 

Consequently, each frame in the downstream cell 
stream is composed of a first 53-byte PLOAM cell fol- 
owed by 27 conventional 53-byte ATM cells 
u er data, followed by a second 53-byte PLOAM cLi? 
followed by another 27 conventional 53 byte ATM cells 
containing more user data «>iviceiis 

and a 1.11' ^7 grant fields 

and a 12-byte message field, while the second PLOAM 
cell contains 26 grant fields and a 12-byte mes^ 
f^ld. The grants are used to control the upstream data 
tran^ission. In particular each of the 53 different grant 
M«,ds can oe used to identify a particular ONT that has 
permission to transmit a data packet In the correspond! 
-ng time slot in the upstream channel during the cuirent 
upstream ^ame. The,, is a one-to-one corre pLdeTce 

PLOAM f second 
PLOAM celte of a downstream frame and the 53 time 



slots m an upstream frame. The G.983. 1 recommenda- 
K?.lt °f grants, including DATA 

UNASSIGNED, and PLOAM grants, whK:h are Ix-' 
plained in the following paragraphs 
5 [00171 During the process of ranging, each ONT is as- 
signed two unique grants: one for user data cells and 

one for PLOAM cells. Whenever an ONT sees one o ts 

PLOAM cell) for the corresponding time slot of the uo- 
stre^ channel. If the value in a grant field matches the 
PLOAM grant value for an ONT, then the ONT transmits 
/5 m«tT !r in a grant fTJid 

iTnl^^ ^ ' "'^'^^'^ ONT has data to 

tt^ansmit) or an idle cell (if the ONT has no data to trans- 

and J H^f '""^ 9^^"' ««"^s in the flist 

- ei her ofTh! °^ ^ -^tch 

either of the assigned grants for an ONT then the ONT 

?r!^r, '"^'''■"9'^"""9^''«=°^^^spondlngup- 
IT-^- '^^ASSIGNED grant values a'e 

reserved to indicate that the corresponding time slot in 

^5 .„rfr:^.'''""" v.hich case 

Z s^ t "P^'^"^"' •''at 

Ranging 



'° f°0;«J '"the TDMA processing described above all 

due toThe Iif °" Otherwise. 
ont! "i^,,^'^^^^"<^^s in fiber lengths connecting each 
ONT and the splitter, the upstream cells arriving at the 
35 ?1 "^.f °^^^'3P' <" Which case the corresponding cell 
3^ data will be lost. As described earlier, ranging is the 
process that ensures that the upstream cells'do lot 
overlap (,.e, interfere with one another when they are 
passively combined at the splitter) 

2r^« "P"^®^'"' OSU first broadcasts 

saT, H ^h'^ ^'^^ "P^fr^^"' '^^'^^-^ "mes- 
sages that define the pattern for the 3-byte overhead 

used in each 56-byte upstream cell. Thecontents of this 

45 cl^LT ^^'""■'^ *" <^«a« below, 

second, the OSU sends a SERIAL_NUMBER MASK 
message to enable the ONT v^th matching" serial 
ante^r.^T"'" 9^"'^. In this way, ills guar- 

anteed that there will be no more than one ONT th^can 
« rranni'°'^"^'"^''^"'"*^'^''yP''^«"tingcollisions 
'n ranging response. Depending on how the serial 

r r ^«'"'-^. t^ere are twHiffS 

«;7"r!n ! M ! ^'"^ ^-^^^-^ recommenda- 
tion called Method-A and Method-B. In Method-A, the 

55 Zln 7^''''''^ "'«""«"y) at the OLT 

«1 TT" '^'"^ "^^thod-B resorts to an 

automatic detection mechanism of the serial number 
based on a binary tree search algorithm. Third, the OSU 
transmits downstream three Assjgn_PON_ID messag- 
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es that link a PON_lD (a logical address) with the serial 
number of the ONT. Fourth, the OSU transmits down- 
stream three Grant_allocation messages that assign the 
PLOAM and DATA grant values to the ONT Up to this 
point, all downstream PLOAM cells had only unas- 
signed grants. Consequently, there would have been no 
upstream transmission. At this point, however, the 
downstream PLOAM cells will contain either ranging 
grants or PLOAM grants for the ONTs, causing them to 
transmit upstream cells. At this point, actual delay meas- 
urement can be done as follows. 
[0020] First, the OSU measures the round-trip trans- 
mission delay Td between the OSU and an ONT. Sec- 
ond, the OSU calculates the value of an additional delay 
Teq = Tid - Td, where Tid is the common logical delay 
to which all ONTs are to be set. Third, the OSU informs 
the ONT of the calculated additional delay Teq, which 
the ONT then adds as a fixed offset to its time of trans- 
mission. 

[0021] Once this is done for all ONTs, the ONTs are 
said to be ranged. From this point on, all upstream cells 
transmitted by the different ONTs at different time slots 
will arrive in different 56-byte time slots at the OSU with 
no overlap. 

[0022] Ranging also enables the correct placement of 
the reset pulses for the burst mode receiver in the OSU. 
As explained above, the received power of the optical 
signals at the OSU is different for each ONT Conse- 
quently, a reset pulse is applied to the BMR at the be- 
ginning of each upstream cell to cause the BMR to dy- 
namically adjust its trigger level. This reset pulse should 
be placed in a guard band that occurs at the beginning 
of the 3-byte overhead that is transmitted at the begin- 
ning of each 56-byte upstream ceil. Ranging can be 
seen as a process of ensuring that the arrival times of 
the upstream cells are such as to ensure that a BMR 
reset pulse coincides with the guard band in the 3-byte 
overhead of each upstream cell. 
[0023] Figs, 3A-H show timing diagrams that illustrate 
the relationship between the values of Teq. Tid. and Td 
as well as provide a simple explanation of the ranging 
process earned out in ATM-PON systems that confomi 
to the G.983.1 recommendation. 
[0024] in particular, Fig. 3A shows the location of the 
boundaries for consecutive downstream frames. Fig. 3B 
shows a downstream Ranging PLOAM ceil for the case 
where the ranging grant is located in the first grant field 
in the first PLOAM cell of the downstream frame. 
[0025] Fig. 3C shows an upstream Ranging Reply 
PLOAM cell (I.e., another special type of PLOAM cell) 
that would be generated by the appropriate ONT in re- 
sponse to the received downstream Ranging PLOAM 
cell for the hypothetical case where the round-trip trans- 
mission delay Td is zero. The duration Tmin shown in 
Fig. 3C corresponds to the total processing and queuing 
time that it takes for the ONT to process a received 
downstream Ranging PLOAM cell and generate a cor- 
responding Ranging Reply PLOAM cell for transmission 



back to the OSU, not counting any actual downstream 
or upstream transmission time. 
[0026] Fig. 3D shows an upstream Ranging Reply 
PLOAM cell generated by the ONT for a realistic situa- 
5 tion in which the round-trip transmission delay Td is 
greater than zero. The OSU measures the total round- 
trip duration between transmitting the downstream 
Ranging PLOAM cell and receiving the upstream Rang- 
ing Reply PLOAM cell and derives the round-trip delay 
10 Td for the ONT by comparing the total round-trip dura- 
tion with the a priori \fa\ue for Tmin. The OSU then cal- 
culates and transmits the additional delay Teq for the 
particular ONT in a RANGING_TIME message. After 
this procedure is performed for each ONT the ONTs are 
15 said to be ranged. 

[0027] Fig. 3E shows the timing of an upstream cell 
generated by the ONT after ranging is complete. As 
shown In Fig. 3E, after the ONT has been ranged, the 
additional delay Teq is added by the ONT as a fixed off- 
20 set to its time of transmitting the upstream cell to ensure 
that the transmission of the upstream cell occurs after 
the common logical delay Tid. 

[0028] Figs. 3F-H show typical operations after the 
ONTs are ranged. In particular, Fig. 3F shows a down- 
stream PLOAM cell with grants for particular ONTs for 
the first, second, and third time slots, and Fig. 3G shows 
the three upstream cells that are generated by the par- 
ticular ONTs in response to the PLOAM cell of Fig. 3R 
Note that, no matter which set of ONTs generate those 
three cells, they will be properly timed relative to the 
same total logical delay (i.e., Tid + Tmin), 
[0029] Fig. 3H shows an expanded view of the three 
upstream cells of Fig. 3G, where each upstream cell 
consists of a 3-byte overhead (OH) followed by a con- 
ventional 53-byte ATM cell. Fig. 3H also shows how a 
BMR reset pulse Is timed to occur within the overhead 
of each upstream cell. 

Protection Topologies 

[0030] The G.983.1 recommendation defines certain 
specific protection topologies. Two of those topologies 
- Options B and D from Appendix D of the G.983. 1 rec- 
ommendation - are shown in Figs. 4 and 5. In Option 
B, only the path between the OSU and the splitter is pro- 
tected. In Option D, the total path between the OSU and 
at least one of the ONTs is protected. Thus, in Option 
D, the path between the OSU and the splitter is protect- 
ed, the splitter itself is protected, and the paths between 
the splitter and one or more of the ONTs are also pro- 
tected. 

[0031] In particular, Fig. 4 shows a passive optical net- 
work 400 comprising optical line temnination (OLT) 402 
having two OSUs 404 and 406, where each OSU is con- 
nected to splitter 408 by a different optical fiber 410 and 
412, respectively, where fibers 410 and 412 may be 
physically separated from one another to improve net- 
work survivability. Splitter 408 is also connected to N 



30 



35 



40 



45 



50 



5 



EP 1 231 813 A2 



10 



ONTs 414 by A/ unprotected optical fibers 416 For this 
protection topology, splitter 408 Is implemented using a 
single N:2 passive optical splitter that passively com- 
bines the A/ different upstream signals received from the 
/VONTs 414 overthe Woptical fibers 416 into two iden- 5 
tical copies of an upstream TDMA signal transmitted in 
parallel to OSUs 404 and 406 over optical fibers 410 
and 412, respectively. In addition, splitter 408 passively 
combines the optical signals received from the two OS- 
Us 404 and 406 over optical fibers 410 and 412, respec- io 
lively, and broadcasts Widentical copies of the resulting 
combined downstream cell stream to the N ONTs 414 
over the A/ optical fibers 416, respectively 
10032] In operation, one of the two OSUs is selected 
as the working OSU (e.g., WarmOSU 404 In Fig 4) ;5 
While the other OSU is designated as the protection 
OSU (e.g.. ProtectOSU 406). In the situation shown in 
Fig. 4, optical fiber 410 is the working fiber and optical 
fiber 412 is the protection fiber. OLT402 has a controller 
(not shown in Fig. 4) that, among otherthings, (1) mon- 20 
Iters network perfomiance to perform system and com- 
ponent health checks and to detect when a fault occurs 
and (2) controls the selection of the working and protec- 
tion OSUs to implement protection switching when ap- 
propriate. During nonnal operations, both the working 25 
OSU and the protection OSU are powered on with both 
OSUs receiving their respective copies of the upstream 
TDMA signal, but only the working OSU actively trans- 
mits optical signals downstream. As such, at any given 
time, splitter 408 will receive active optical signals from 30 
only one of the OSUs (i.e.. the working OSU) In this 
way, splitter 408 can be implemented as a passive de- 
vice for both upstream and downstream signal process- 
ing. 

[0033] Similarto Rg. 4, Fig. 5 shows a passive optical 35 
network 500 comprising OLT 502 having two OSUs 504 
and 506 connected to a splitter 508 by different (possibly 
physically separated) optical fibers 510 and 512 re- 
spectively. Like splitter 408 in Fig. 4, splitter 508 is also 
connected to AfONTs, but, in network 500, some of the 4o 
ONTs (e.g., ONT 520) have two line tennination (LT) 
units (e.g., 522 and 524) connected to splitter 508 by 
different (possibly physically separated) optical fibers 
(e.g., 526 and 528, respectively), while other ONTs (e 
g., 514) have a single LT unit (e.g., 51 8) that is connect- 4s 
ed to splitter 508 by a single, unprotected optical fiber 
(e.g., 516). 

[0034] For this protection topology, splitter 508 is im- 
plemented using an 2A/:2 passive optical splitter, com- 
pnsing two A*2 passive optical splitters configured with so 
two 2:1 passive optical splitters, where 2N:2 splitterSOS 
passively combines the up to 2A/different upstream sig- 
nals received from the A/ONTs overthe up to 2A/ optical 
fibers into two identical copies of an upstream TDMA 
signal transmitted in parallel to OSUs 504 and 506 over ss 
optical fibers 510 and 512, respectively. In addition 
splitter 508 passively combines the optical signals re^ 
cerved from the two OSUs 504 and 506 over optical fib- 



ers 51 0 and 51 2. respectively, and broadcasts the com- 
bined downstream cell stream to the WONTs over the 
up to 2A/ optical fibers. 

[0035] Similar to PON 400 of Fig. 4, when PON 500 
IS in operation, one of the two OSUs is selected as the 
working OSU (e.g.. WamiOSU 504). while the other 
OSU IS designated as the protection OSU (e.g., Protec- 
tOSU 506). In the situation shown in Rg. 5, optical fiber 
510 is the working fiber and optical fiber 51 2 is the pro- 
tection fiber As in OLT 402. OLT 502 has a controller 
(not shown in Rg. 5) that, among otherthings, (1) mon- 
itors network performance to perfonn system and com- 
ponent health checks and to detect when a fault occurs 
and (2) controls the selection of the working and protec- 
tion OSUs to implement protection switching when ao- 
propriate. 

[0036] As in network 400 of Fig. 4, during normal op- 
erations of network 500, both the working OSU and the 
protection OSU are powered on with both OSUs receiv- 
ing their respective copies of the upstream TDMA sig- 
nal, but only the working OSU actively transmits optical 
signals downstream. As such, at any given time, splitter 
508 will receive active optical signals from only one of 
the OSUs (i.e., the working OSU). In this way. splitter 
508 can be implemented as a passive device for both 
upstream and downstream signal processing. 
[0037] In addition, in analogous fashion, within each 
protected ONT (e.g., 520), one of the two LT units is se- 
lected as the wortcing LT unit (e.g., PON LT(1) 522 in 
Rg. 5), while the other LT unit is designated as the pro- 
tection LT unit (e.g., PON LT(0) 524). In the situation 
Shown in Fig. 5, optical fiber 526 is the working fiber and 
optical fiber 528 is the protection fiber. As in OLT 502 
each protected ONT 520 has a controller (not shown in 
Rg. 5) that, among other things and depending on the 
implementation, may (1) monitor network perfomiance 
to perform LT unit health checks and to detect when a 
fault occurs and (2) control the selection of the working 
and protection LT units to implement protection switch- 
ing when appropriate. During nomial operations both 
the working LT unit and the protection LT unit are pow- 
ered on with both OSUs receiving their respective cop- 
ies of the downstream cell stream, but only the working 
LT unit transmits upstream. As such, only one of the two 
upstream optical signals received by splitter 508 from 
each protected ONT will contain any upstream cells (i 
e., generated by the working LT unit); the other up- 
stream optical signal will be off (i.e., corresponding to 
the protection LT unit). 

[0038] Of course, for each unprotected ONT (e.g., 
514). the corresponding LT unit 518 is always powered 
on and capable of transmitting upstream cells to splitter 
508 over its corresponding unprotected optteal fiber 
51 6, which can be arbitrarily configured to either of the 
two A/:2 optical splitters within splitter 508. 
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On-Line Health Check Algorithm for the Protection OSU 

[0039] According to embodiments of the present In- 
vention, the functionality of the protection circuit, which 
includes the protection BMR in the protection OSU as 
welt as the optical fiber between the splitter and the pro- 
tection OSU, is continuously checked during nomial op- 
eration by implementing an on-line health check algo- 
rithm in order to ensure that the protection circuit will 
work if and when it is needed in the event of a failure of 
the working circuit. The on-line health check algorithm 
for the protection OSU is based on (1 ) an optical power 
meter with a splitter for detecting a fiber cut and (2) a 
cell delineation procedure for detecting a BMR failure. 
As such, the on-line health check algorithm can detect 
a failure of the protection OSU and identify the failed 
component (e.g., the BMR or the fiber). The on-line 
health check algorithm assumes the following condi- 
tions: 

o The working OSU is in its normal operation with all 
ONTs ranged, where the working OSU is sending 
grants downstream and receiving corresponding 
ceils upstream; and 

6 The protection OSU is receiving upstream signals 
from the ONTs via the passive optical splitter. 

Detecting a Protection Fiber Cut 

[0040] In order to detect a cut fiber to the protection 
OSU. a splitter is placed just prior to the BMR in the pro- 
tection OSU with one copy of the received upstream sig- 
nal provided to the BMR and the other copy provided to 
an optical power meter, which measures the optical 
power on the fiber to determine whether or not the fiber 
is cut. For example, the power in optical signals can be 
measured for bursts of 448 bits (i.e., 56 bytes). If a fiber 
is cut, then the power meter should not receive much 
optical signal (assuming that another light source does 
not inject spurious light into the cut end of the fiber). 

Detecting a Failed Protection BMR 

[0041] In orderfor a BMR to operate properly, it is im- 
portant that the BMR be reset during the guard band so 
that the BMR can accurately adjust its trigger level using 
the corresponding bil pattern that follows the guard band 
in the 3-byte overhead. For example, proper ranging of 
ONTs for the working OSU enables the OSU controller 
to apply reset pulses to the BMR that coincide with the 
guard band of each 56-byte upstream cell. However, be- 
cause the optical fiber between the working OSU and 
the splitter may be physically separated from the optica) 
fiber between the protection OSU and the splitter, there 
is no guarantee that the values for the additional delays 
Teq used to range the ONTs for the working OSU will be 
the same as the values for ranging the ONTs for the pro- 
tection OSU. 



[0042] Since the ONTs will not necessarily be ranged 
for the protection OSU, monitoring data output from the 
BMR in the protection OSU and looking for activity are 
not enough to detect a BMR failure, because system 
5 noise or a malfunctioning BMR can generate a random 
bit stream that looks like that of a functional protection 
BMR receiving real data from unranged ONTs. Depend- 
ing on the initial setting of the protection BMR's trigger 
level, even a normal functioning BMR receiving real data 
10 from unranged ONTs can generate long strings of Os or 
Is, because the BMR trigger level will not be properly 
adjusted at the start of each upstream cell. 
[0043] According to embodiments of the present in- 
vention, a cell delineation procedure is performed to lo- 
is cate the beginning of upstream cells in the optical signal 
received at the BMR of the protection OSU. As de- 
scribed eariier, upstream user data cells transmitted by 
the ONTs consist of a 3-byte overhead followed by a 
conventional 53-byle ATM cell. The 3 bytes of the over- 
do head are further divided into a guard band, followed by 
a bit pattern for BMR trigger-level adjustment, followed 
by a bit pattern for synchronization. 
[0044] Although the ranging procedure detemiines a 
value for the additional delay Teq between each ONT 
and the working OSU, there may still be some inaccu- 
racy in the relative timing of the different upstream cells 
as they arrive at the OSU. For this reason^ a guard band 
(e.g., consisting of all Os) is placed at beginning of the 
3-byte overhead. The exact numbers of bits in the 3-byte 
overhead allocated for the guard band and the two bit 
patterns depend on the accuracy of the ranging proce- 
dure and the particular characteristics of the BMR, but 
a typical guard band will be about 10 bits long. 
[0045] Following the 3-byte overhead in each 56-byte 
upstream user data cell (i.e., non-PLOAM cells) isacon- 
ventional 53-byte ATM cell consisting of a 5-byte ATM 
header followed by 48 bytes of user data. The fifth byte 
of the 5-byte ATM header is a header error correction 
(HEC) byte corresponding to the first four bytes in the 
ATM header. The cell delineation procedure takes ad- 
vantage of the existence of these HEC bytes in the ATM 
ceils to locate the upstream cell boundaries in the up- 
stream TDMA signal received at the BMR of the un- 
ranged protection OSU. 

[0046] Fig. 6 shows a state diagram of the cell delin- 
eation procedure, according to certain embodiments of 
the present invention. The stale diagram of Fig. 6 has 
four different states: HUNT 602, PRESYNC 602, SYNC 
606, and FAILURE 608. 

[0047] In the HUNT state, the cell delineation process 
is performed by shifting the position of the reset pulse 
to the BMR of the protection OSU bit by bit to look for 
the HEC byte of an upstream cell. If the BMR is working 
property with real received data, by shifting the position 
of the BMR reset pulse bit by bit, eventually the reset 
pulse will coincide with the guard band of an upstream 
cell. In that case, the BMR's trigger level will be correctly 
adjusted using the corresponding bit pattern in the over- 
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ATM HEC byte, which will correctly correspond to the 
previous four ATM header bytes. As soon as the HUNT 

the PRESYNC state occurs. On the other hand, if the 
HUNT state faite to find a correct ATM HEC byte a^er 
BETA consecutive failed delineation attempts, a state 

tSBMR ■ '"^''"'^ ''''' indWSS 
the8MR,ntheprotectionOSUhasfailed(assurningthat 

powermetir"' '^'"^"^'^ 
[004«] in the PRESYNC state, the cell delineation 
procedure .s repeated using the relative position of the 
BMR reset pulse identified during the HUNT state for 
each subsequent upstream cell. If the cell-delineation 
procedure fails (i.e.. if the ATM HEC byte is not correct) 
then a state transition back to the HUNT state occurs 
On the other hand, if the cell delineation procedure suc- 
ceeds for DELTA consecutive upstream cells, then a 
state transition to the SYNC state occurs 
IT^l ""^ PRESYNC state. In the SYNC state 

the cell delineation procedure is repeated using the rel- 

he HUNT state for each subsequent upstream cell. If 
the cell delineation procedure fails for ALPHA consec- 
utive upstream cells, then a state transition back to the 

wifh LT S"""^"'' " '""^'^ "° problems 

with the fiber and the BMR of the protection OSU then 
he cell delineation procedure of Fig. 6 will correctly 
rtt^S^Nr ;'r''''"-^'''=''*"9andstayingmostly 
p hfiJuMT '"""P* ^"<^ tr^"^*e"t stays 

random H , '"'^^"^ '''' result from 
random bit errors and fluctuations in incoming cell 
boundanes. On theotherhand. if there is a problem with 
the protection OSU, then the cell delineation procedure 
will fail long enough to move the process to the FAILURE 
state and declare that a failure of the BMR of the pro- 
tection OSU has been detected. 
[0050] The values of parameters ALPHA. BETA, and 
DELTA may be empirically chosen to make the cell de- 
ineation process as robust and secure as possible for 

thepartcular implementation. Robustnessagainstfalse 
indication of misalignments due to bit errors in the chan- 
nel depends on the value of ALPHA, while robustness 
against false delineation in the resynchronization proc- 
ess depends on the value of DELTA. 
10051] Figs. 7A-E show a simple example of the cell 
delineation procedure corresponding to a state transi- 
^on from the HUNT state to the PRESYNC state of Flo 
6. In particular. Fig. 7A shows BMR GA of the protection 
py ODx^r"^ ^ continuous upstream optical signal 

BMR RESET and (ii) generating a corresponding de- 
coded data stream RX_BMR_DATA. Fig. 7B shows the 
timing reference at the working OSU, where each verti- 

!rRropnrMf°''"''"''°'""°''^^^"P^tr««'"«ell 
in RX_OPT_SIGNAL, as shown in Fig. 7C. As indicated 
'n Fig. 70. each upstream cell may have a different op- 



tical signal power level. 

10052] Fig. 70 shows the timing of the BMR_RESET 
pulses during the cell delineation procedure of Fig 6 
The first four pulses (from left to right in Fig. 70) occur 
with the cell delineation procedure in the HUNT state 

bLr'^rSIt '!'°''' ''"'"9 ^^NT state, the 
Scr K . T ""'^^^ '^''^^^ "'^ "it until a correct 
HEC byte IS found. In the example of Fig. 70. this bit 
shifting IS represented by BMR_RESET pulses that are 
- separated by 449 bits (i.e.. 1 bit more tLn a 56 byle 
hme slot). Forthe first three BMR_RESET pulses in Fig 
70. the pulses do not coincide with the guard band of 
an upstream cell in Fig. 7C. As such, the trigger level of 

RX_BMR_OATA generated by the BMR will likely be un- 
recognized data transitions (i.e., garbage) In which 
case the ATM HEC byte will not be found 
[0053] The fourth BMR_RESET pulse in Fig. 7D how- 
20 Z7 f "'^ guard band of .he fifth upstream 
cell shown in Fig. 7C. As such, the trigger level of BMR 
GA IS accurately adjusted, the ATM cell is accurately 
decoded (as indicated by the second to last ATM cell in 
Fig. 7E). the ATM HEC byte is found, and a state tran- 
sition from the HUNT state to the PRESYNC state in 
Rg. 6 occurs. The timing of the last two BMR_RESET 

r'T^lT" '° "^^^-^ °" the timing of the 

fourth BMR.RESET pulse when the transition fL the 
HUNT state occurred (I.e., 56 bytes apart) and will co- 
incide with the guard bands of the last Nvo upstream 

Irll r ^^="^^te^ decoded 

ATM ce s -n RX_BMR_DATA, as indicated by the last 
ATM cell in-Fig. 7E. 

[0054] Because there is no continuous bit stream 
available in the upstream direction at the OSU, the BMR 
should achieve bit synchronization during the portion of 
he overhead at the start of every upstream cell that fol- 

hroSl"^'*^ "^"'^^ nomial operations, once 

the ONTs have been ranged, cell delineation can also 
be achieved by searching for a unique pattern (i e a 
^0 delimiter) in the overhead after recovering bit synch™ 
nization. The cell delineation procedure may be made 
even more insensitive to random bit errors, by checking 
or such a delimiter in addition to the ATM HEC byte 
[0055] There may be several BMR reset pulse posi- 
"5 tions that would result in correct cell delineation Be- 
cause of inaccuracy In the ranging procedure (usually 
on the order of one bit), there is always some fluctuation 
-n upstream cell boundaries from different ONTs Tocov- 
er this fluctuation, the process of searching for the de- 
^ "™ter should be perfom,ed for a range of bits (i.e a 
window) centered on the assumed correct position' If 
..6 size of this window is not large enough to cover the 
fluctuation in cell boundaries resulting from ranging in- 
accuracy, correct cell delineation might not be achieved 
alter checking all 448 positions bit by bit. even without 

iuaT: ^.'"^^ ""^ '^^"^ '° '^"^ conclusion that a 
BMR fault has been detected. Figs. 8A-B show time 
lines representing possible results when using a window 
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that is too small during the cell delineation procedure. 
[0056] On the other hand, if the search window is too 
large, the cell delineation procedure may transition to 
the PRESYNC state with an incorrect reset pulse posi- 
tion. Figs. 9A-C show time lines representing possible 
results when using a window that is too large during the 
cell delineation procedure. Fig. 9B shows a situation 
where the cell delineation procedure transitions to the 
PRESYNC state with an incon^ect reset pulse position 
and immediately transitions back to the HUNT state, 
while Fig. 9C shows a situation where the cell delinea- 
tion procedure transitions to the PRESYNC state with 
the correct reset pulse position. Except for a slight in- 
crease In time to enter the SYNC state, when proper 
values are used for ALPHA and DELTA, the cell deline- 
ation procedure of Fig. 6 guarantees eventually finding 
a correct reset pulse position, even after several slate 
transitions between the HUNT and PRESYNC states. 
[0057] When the cell delineation procedure of Fig. 6 
is in the SYNC state, it is known that the BMR in the 
protection OSU is functioning properly and the fiber is 
uncut. If, however, the procedure enters the FAILURE 
state, the failed component(s) can be identified by the 
following reasoning based on available information: 

Case 1 : If (i) the BMR in the working OSU Is decod- 
ing upstream cells, (ii) the BMR In the protection 
OSU reaches the FAILURE state, and (iti) the power 
meter in the protection OSU measures no power 
from the fiber to the protection OSU» then the fiber 
from the splitter to the protection OSU is cut. 
Case 2: If (i) the BMR in the working OSU is decod- 
ing upstream cells, (ii) the BMR in the protection 
OSU reaches the FAILURE state, and {iii)the power 
meter in the protection OSU measures sufficient 
power from the fiber to the protection OSU, !hen the 
BMR in the protection OSU has failed. 
Case 3: If the BMRs in both the working and pro- 
tection OSUs are not decoding upstream cells from 
any of the ONTs, there could be a failure in the 
downstream transmissions generated by the work- 
ing OSU (resulting in no grants arriving at the ONTs) 
or a failure in the optical splitter. 
Case 4: If the BMRs in both the working and pro- 
tection OSUs are not decoding upstream cells from 
the same specific ONT, there could be a failure at 
that ONTs transmitter or the fiber from that ONT to 
the splitter could be cut. 

For Cases 1 and 2, the failure will typically be detected 
before the protection OSU needs to be used, which is 
the purpose of perfomning the health check of the pro- 
tection circuit in the first place. In these situations, an 
operator could intervene to confimi and fix the failure. 



Fast Protection Ranging by Snooping during the 
Working OSU's Ranging Process 

[0058] Protection switching shifts all data transmitted 
5 and received from the failed working OSU to the protec- 
tion OSU, in which case the protection OSU needs to 
range the ONTs to measure the 7d value and recalculate 
the correct additional delay Teq value for each ONT 
Since ranging of all ONTs can take a relatively long time, 
10 this is the critical step in protection switching with re- 
spect to time constraints. Accordingto the SONET spec- 
ification, protection switching should be completed with- 
in 50 ms. To address this constraint, embodiments of 
the present invention implement a fast ranging algorithm 
15 based on snooping by the protection OSU during the 
original ranging procedure perfonned by the working 
OSU in order to measure the differences In the Tcf val- 
ues for the various ONTs that result from differences in 
the fiber lengths between the splitter and the working 
20 OSU and between the splitter and the protection OSU. 
[0059] In particular, when the working OSU performs 
its ranging procedure, the protection OSU monitors the 
upstream cell stream. This is possible since the splitter 
sends upstream signals to both the working and protec- 
ts tion OSUs. Referring to Fig. 4, for example, when the 
working OSU performs ranging for ONT #1 , a down- 
stream ranging PLOAM cell is transmitted from working 
OSU 404 along fiber 410 to splitter 408 and then along 
fiber 416-1 to ONT #1 , and a corresponding upstream 
30 ranging reply PLOAM cell is then transmitted from ONT 
#1 back along fiber 416-1 to splitter 408 and then back 
along fiber 410 to working OSU 404. To range ONT #1 , 
the working OSU detennines a total round-trip propaga- 
tion delay Tdl for this round-trip "ranging" propagation 
35 path and uses that value to determine the additional de- 
lay Teg for ONT #1. 

[0060] If the working OSU informs the protection OSU 
when the downstream ranging PLOAM cell is transmit- 
ted to ONT #1, then, by monitoring the upstream cell 

40 stream, the protection OSU can measure a ranging de- 
lay value corresponding to the duration of propaga- 
tion of the downstream ranging PLOAM cell from the 
working OSU to the ONT plus the duration of propaga- 
tion of the corresponding upstream ranging reply 

•^5 PLOAM cell from the ONT to the protection OSU. As 
shown in Fig. 4, the only difference between the round- 
trip "ranging" propagation path between the working 
OSU and ONT #1 and the "snooping" propagation path 
from the working OSU to ONT #1 and back to the pro- 

so tection OSU is the last link from the splitter to either the 
working or protection OSU. As such, the ranging delay 
difference 02 = (Tdl - Td2) can be used by the OLT con- 
trol ler to characterize the difference in fiber lengths be- 
tween the splitter and the working OSU and between 

55 the splitter and the protection OSU. 

[0061] Since the only difference in these ranging and 
snooping propagation paths is the last link, which is the 
same for all ONTs, in theory, the ranging delay differ- 
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ence O^should be identical for all of the O NTs. In reality 
however, the value determined for the ranging delay dif^ 
ference D2 may vary slightly when ranging different 
ONTs. The OLT controller (or. depending on the imple- 
mentation, the protection OSU) preferably determines 
an average Devalue based on the different Devalues 
generated during ranging of the various ONTs. 
f0062] When ranging is completed for all ONTs, the 
OLT controller (or the working OSU) will have deter- 
mined a particular additional delay value Teq for each 
different ONT The OLT controller (or the protection 
OSU) can then use the average Devalue to determine 
a "protection" Teq value for each ONT These protection 
Teq values are stored (in either the OLT controller or 
within the protection OSU) and, when a protection 
switch occurs from a failed working OSU to the backup 
protection OSU, the protection OSU transmits the 
stored protection Teq values to the corresponding ONTs 
to effectively achieve fast ranging of the ONTs without 
having to go through the entire time-consuming ranging 
procedure. 

[0063] In general, this fast ranging algorithm involves 
different operations at different phases of network 
processing. In the following, it is assumed that both 
working and protection OSUs can be synchronized. In 
other words, it is assumed that delay for a signal from 
the working OSU to the protection OSU (see Step 1) is 
negligible, which is the case when two OSUs are housed 
in the same OLT At startup, the operations are as fol- 
lows: 



based on the following equation; 

Teq_prot = Teq_work - (1 +a) *(Td2- Tdl), 



Step 1 : For each ONT the working OSU informs the 
protection OSU that a downstream ranging PLOAM 
cell is transmitted from the working OSU. 
Step 2: The working and protection OSUs monitor 
their respective upstream cell streams for the cor- 
responding upstream ranging reply PLOAM cell 
from the ONT and both OSUs measure their respec- 
tive revalues for the ONT (i.e., TdUorthe working 
OSU and Tcy^forthe protection OSU). 
Step 3: The working OSU informs the protection 
OSU of its measured Tdl value. 
Step 4:The protection OSU calculates/updates D2 
based on the difference between Tdl and Td2, and 
keeps it in memory. 

Steps 1 -4 are repeated whenever the working OSU 
performs ranging for an ONT to verify/update the 
value of retained by the protection OSU, includ- 
ing, during nomial operations, If and when a new 
ONT is configured in the system. 

[0064] After ranging an ONT the working OSU calcu- 
lates an appropriate value for the additional delay Teq 
for that ONT based upon the measured Tdl value. In 
addition to transmitting this working Teq value to the 
ONT the working OSU Informs the protection OSU of 
the working Teq value for that ONT The protection OSU 
can then calculate a protection Teq value for that ONT 



where a is the ratio of the upstream propagation speed 
to the downstream propagation speed and the (1+a) 
factor takes into account the differences between up- 
stream and downstream propagation delays when dlf- 
10 ferent wavelengths are used for upstream and down- 
stream transmissions (e.g., as in a network that uses bi- 
(WDM))"^' with wavelength division multiplexing 

[0065] If and when protection switching occurs, upon 
'5 becoming the new working OSU. the protection OSU 
sends its stored set of protection Teq values to the 
ONTs, and begins nonnal operations. 
[0066] When the synchronization between two OSUs 
is not perfect (i.e.. very coarse) in certain implementa- 
20 tions, the protection OSU would have to perform some 
manner of ranging again after protection switching oc- 
curs. Even in this case, however, because the protection 
OSU would have approximate Teq values, much faster 
ranging is possible. For example, parallel ranging could 
25 be performed, where the ranging reply PLOAM cells for 
multiple ONTs are measured in a single ranging window. 
[0067] If timestamps are collected for all upstream 
PLOAM cells or data cells, the working and protection 
Tcy differences can be continuously monitored to make 
30 sure that the D2 value used by the protection OSU is 
accurate. This can be implemented in a "lazy" fashion 
Since the value of Td2 is known, the correct timing for 
reset pulses is also known. Consequently,-all upstream 
cells may be accurately processed by the protection 
55 OSU. In that case, the working OSU would inforni the 
protection OSU that it would send out a certain PLOAM 
grant at a particular time, and both OSUs could measure 
their times of reception. 

'^ast Protectio n Ranging by Snooping on PLOAM Cells 

[0068] The fast ranging procedure described In the 
previous section relies on the protection OSU snooping 
during the nomial ranging procedure performed by the 
^5 working OSU. In so-called "hot plug-in" situations, how- 
ever, a protection OSU is configured into an operational 
network after the working OSU has already ranged the 
ONTs. This section deschbes a technique for enabling 
fast ranging In the event of a protection switch from a 
so failed working OSU to a protection OSU. where the tech- 
nique relies on the protection OSU snooping on PLOAM 
cells transmitted during nomnal operations (I.e., afterthe 
ONTs have been ranged by the working OSU, but prior 
to failure of the wori<ing OSU). As such, the present 
55 technique is applicable in hot plug-in situations. 

[0069] The present technique relies on the measure- 
ment of the arrival times of corresponding upstream 
ceils at both the working and protection OSUs. Although 
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any specific cell could be used, PLOAM cells are rela- 
tively easy to identify unambiguously 
[0070] Figs. 1 0A-E siiow representations of time lines 
associated with the present technique. In particular, Fig. 
10A shows the frame boundaries for the downstream 
channel, where each start of frame (SOF) is assumed 
to be synchronized between the working and protection 
OSUs for simplicity of description {which can be easily 
done when both OSUs are housed in the same OLT). 
Fig. 1 0B shows a sequence of four downstream PLOAM 
cells (P1 , P2, P3, and P4) transmitted by the working 
OSU. where PLOAM cell PI is assumed to contain a 
PLOAM grant for only ONT #1 . Assuming that every 
ONT is eventually given a PLOAM grant, at least one 
upstream reply PLOAM cell will be generated by ONT 
#1 over some reasonable period of time. 
[0071] Fig. IOC shows the timing of the arrival of the 
corresponding upstream reply PLOAM cell transmitted 
by ONT # in response to the PLOAM grant in PLOAM 
cell PI at both the working and protection OSUs for the 
hypothetical situation where the round-trip transmission 
durations Tdl and Td2 are both zero. Fig. 10D shows 
the timing of the arrival of the upstream reply PLOAM 
cell transmitted by ONT #1 at the working OSU for the 
real situation where Tdl > 0, and Fig. 10E shows the 
timing of the arrival of the upstream reply PLOAM cell 
transmitted by ONT #1 at the protection OSU for the real 
situation where Td2> 0. As shown in Fig. 10E, the dif- 
ference between Tdl and Td2 is the ranging delay dif- 
ference D2. 

[0072] The present technique assumes that, even be- 
fore the protection OSU determines a correct value for 
D2, it is able to accurately detect the arrival of the up- 
stream reply PLOAM cell. But this assumes that the re- 
set pulse for the BMR in the protection OSU is applied 
at the correct time to accurately adjust the BMR trigger 
level for each different upstream cell. This can be 
achieved using the cell delineation procedure of Fig. 6 
described earlier in this specification. 
[0073] In general, the present technique can be im- 
plemented by the following four steps: 

Step 1 :After the protection OSU has been config- 
ured onto the networi<, the cell delineation proce- 
dure of Fig. 6 is initiated for the protection OSU. 
Step 2: When correctly delineated cells are received 
at the protection OSU (i.e., when the cell delineation 
procedure of Fig. 6 reaches the SYNC state), the 
arrival times of upstream reply PLOAM cells at the 
protection OSU are compared to the arrival times 
of the corresponding upstream reply PLOAM cells 
at the working OSU to generate a value for the rang- 
ing delay difference D2. 

Step 3: The calculated D2 value is stored (for use 
in performing fast ranging if and when a protection 
switch from the working OSU to the protection OSU 
occurs). 



Depending on the particular implementation, control 
and implementation of these various functions are ap- 
propriately distributed between the OLT controller and 
the working and protection OSUs. 

5 

1:N Protection Switching 

[0074] The previous sections described different 
types of processing performed in the context of a 1:1 
10 protection switching architecture in which there is a ded- 
icated protection circuit for each protected woricing cir- 
cuit. The techniques described in the previous sections 
can also be implemented in thecontextof 1 :N protection 
switching architectures in which a single protection cir- 
'5 cuit provides backup for a plurality (i.e., N) working cir- 
cuits. Such architectures are advantageous when the 
probability that two or more working circuits will fail at 
the same time is very low. 

[0075] Fig. 1 1 shows a block diagram of a 1 :N protec- 
tion switching architecture where N=3. In this architec- 
ture, a single protection circuit P provides backup for 
three different working circuits 1 , 2, and 3. In the event 
of failure of any one of the working circuits (e.g., a fiber 
cut in circuit 2 as indicated by the "X" in Fig. 11), protec- 
tion switching is implemented to replace the failed work- 
ing circuit with protection circuit P. 
[0076] Fig. 1 2 shows a block diagram of a 1 :N protec- 
tion switching architecture in which a single protection 
circuit (PON #P) is used to protect three different pas- 
sive optical networi<s (PONs #1 .#2. and #3). The archi- 
tecture of Fig. 12 is the 1 :3 analog to the 1 :1 protection 
switching architecture shown in Fig. 4. As shown in Fig. 
12, each working PON #/ comprises a worthing OSU 
1 304-1 connected via a bi-directional woricing optical fib- 
er 1310-/ to an unprotected passive optical splitter 
1308-/, which is in turn connected via a plurality of un- 
protected bi-directional optical fibers 131 6-// to a plural- 
ity of unprotected ONTs 1314-//. 
[0077] Protection circuit PON #P comprises a protec- 
tion OSU 1306 connected to a 1 :3 optical switch 1318, 
which is in turn connected to each passive optical splitter 
1308-1 by a corresponding protection optical fiber 
1312-/. In addition, protection OSU 1306 and each of 
the working OSUs 1304 are connected to a 3:4 optical 
switch 1320. During nomnal operations in which all three 
working circuits are functional, optical switch 1320 is 
configured to connect OSU 1304-1 of PON #1 to Port 1 , 
OSU 1304-2 of PON #2 to Port 2, and OSU 1304-3 of 
PON #3 to Port 3. 

[0078] As far as protection switching is concerned. 

upon detection of a failure in any one of the three work- 
ing circuits (e.g., a cut in fiber 1310-2 of PON #2 as in- 
dicated in Fig, 12), optical switches 1318 and 1320 will 
be reconfigured to connect protection OSU 1 306 of PON 
#P to both the corresponding port (e.g., Port 2 in the 
example indicated in Fig. 12) and the corresponding 
splitter (e.g., splitter 1308-2 in the example indicated in 
Fig, 12). 
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[0079] Optical switch 1 31 8 also enables each of the 
techniques described in the previous sections to be im- 
plemented in the context of the 1 :N architecture of Fig. 
12. In particular, by controlling optical switch 1318 over 
time to connect protection OSU 1306 to each optical 
splitter 1308-/, each of the previously described tech- 
niques can eventually be performed for each of the dif- 
ferent working circuits. Note that all N working OSUs 
1304 and protection OSU 1306 should be frame syn- 
chronized In the manner described in the previous sec- 
tions. 

[0080] If the protection circuit is already configured in 
the network when the working circuits are to perform 
their ranging procedures, then fast ranging in the event 
of a protection switch can be enabled by the protection 
OSU snooping during each working OSU's ranging pro- 
cedure, using the procedure described previously. The 
only requirement is that the different working OSUs per- 
form their ranging procedures sequentially. In that case 
optical switch 1318 is re-configured to connect protec- 
tion OSU 1306 to the corresponding optical splitter 
1308-1 prior to the implementation of the ranging proce- 
dure by working OSU 1304-/. 

[0081] In the case of a hot plug-in situation where the 
protection circuit is configured into the network after the 
various working OSUs have already perfomied their 
nonnal ranging procedures, then fast ranging in the 
event of a protection switch can be enabled by the pro- 
tection OSU snooping on routine PLOAM cells, using 
the procedure described previously Here, optical switch 
1318 is sequentially configured to connect protection 
OSU 1306 to each optical splitter 1308./ to perform 
snooping on PLOAM cells for the corresponding work- 
ing circuit before moving on to the next working circuit. 
[0082] In either case, a different D2 value is deter- 
mined for each working circuit and saved for use in the 
event of a protection switch, in which case, the appro- 
pnate D2 value will be used to perfomi fast ranging by 
the protection OSU for the corresponding set of ONTs. 
[0083] After perfomiing snooping using either tech- 
nique, optical switch 1 31 8 can also be sequentially con- 
figured to perfomi the on-line health check algorithm de- 
scribed previously to verify both the con-ect functioning 
of the BMR in protection OSU 1306 as well as the Integ- 
rity of each optical fiber 131 2-/connectlng optical switch 
1318 to a corresponding optical splitter 1308-/. 



Fast Protection Ranging for Protected ONTs 

[0084] In the previous sections, fast protection rang- 
ing has been enabled for configurations based on the 
protection architecture of Fig. 4. in which the protection 
circuit involves the path from the splitter to the OSU, but 
not the path from the splitter to the ONTs. In particular, 
the two snooping techniques described previously 
measure propagation differences only between working 
and protection paths that are provided between an op- 
tical splitter and a protected OSU. This section de- 



scribes a technique for measuring propagation differ- 
ences between working and protection paths that are 
provided between the optical splitter and each protected 
ONT in order to extend the fast protection ranging pro- 
5 cedures to configurations based on the protection archi- 
tecture of Fig. 5. 

[0085] For the present technique, the transmitter and 
receiver of the wori<ing line termination (LT) unit of a pro- 
tected ONT are both turned on, but only the receiver of 
^0 the protection LT unit is on, not the protection transmit- 
ter. 

[0086] The present technique is analogous to the pro- 
cedure described previously for snooping on upstream 
PLOAM cells, except that, in this case, the snooping is 
^5 performed on downstream PLOAM cells. Initially, bit- 
level synchronization is achieved between the working 
and protection LT units of an ONT using a counter, as 
described in a previous section. The difference in arrival 
times of a specific downstream PLOAM cell at both the 
20 working and protection LT units is then measured. Note 
that 2/V:2 optical splitter 508 of Fig. 5 transmits a copy 
of each downstream cell to each of the worthing and pro- 
tection LT units. 

[0087] This snooping technique can be combined with 
25 the snooping techniques described previously to enable 
fast ranging to be performed during protection switching 
in the context of the protection architecture of Fig. 5. This 
approach assumes that the A/:2 and 2: 1 splitters that are 
used to make splitter 508 are physically co-located such 
30 that the differences in distances between the various 
component splitters are rriinimaL or at least smaller than 
the window size of the BMR. 

[0088] Fig. 13 shows a representation of the protec- 
tion architecture of Fig. 5 indicating the characterization 
35 of the differences in propagation delay between the op- 
tical splitter and the protected OSU. This characteriza- 
tion can be achieved using either of the snooping pro- 
cedures described in the previous sections. 
[0089] Fig. 14 shows a representation of the protec- 
^0 tion architecture of Fig. 5 indicating the characterization 
of the differences in propagation delay between the op- 
tical splitter and a protected ONT This characterization 
can be achieved using the snooping procedure de- 
scribed in this section. 
^5 [0090] The two different propagation delay values de- 
temiined using the procedures indicated in Figs. N and 
O provide the OLT with knowledge of the differences in 
the various paths from either the worthing OSU or the 
protection OSU to either the working LT unit or the prx>- 
50 tection LT unit of the protected ONT Note that use of 
this approach in the context of existing ITU-T G. 983.1 
systems would require the definition of an additional up- 
stream message for communicating to the OSU the val- 
ue of the difference in propagation delay between the 
55 working and protection paths between the splitter and 
each protected ONT 

[0091] The propagation delay value measured using 
the present technique con-esponds to the downstream 
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direction. To estimate the total round-trip time delay, the 
propagation delay value should be properly scaled tak- 
ing into account any differences in wavelength between 
the upstream and downstream channels, similar to the 
scaling described earlier in the context of the other 
snooping procedures. 

[0092] Although the present invention has been de- 
scribed in the context of ATM-PON networks conforming 
to the G. 983.1 recommendation in which all data is sent 
in an ATM cell format of 53 bytes downstream and 56 
bytes upstream, those skilled in the art will understand 
that the present invention can be implemented in the 
context of other fixed-sized packet-based optical net- 
works that use TDMA and ranging for upstream trans- 
mission including possibly non-passive optical net- 
wori<s. 

[0093] The present invention may be implemented as 
circuit-based processes, including possible Implemen- 
tation on a single integrated circuit. As would be appar- 
ent to one skilled in the art, various functions of circuit 
elements may also be implemented as processing steps 
in a software program. Such software may be employed 
in, for example, a digital signal processor, micro-control- 
ler, or general-purpose computer. 
[0094] The present invention can be embodied in the 
form of methods and apparatuses for practicing those 
methods. The present invention can also be embodied 
in the fomn of program code embodied in tangible media, 
such as floppy diskettes, CD-ROMs, hard drives, or any 
other machine-readable storage medium, wherein, 
when the program code is loaded into and executed by 
a machine, such as a computer, the machine becomes 
an apparatus for practicing the invention. The present 
invention can also be embodied in the form of program 
code, for example, whether stored in a storage medium, 
loaded into and/or executed by a machine, or transmit- 
ted over some transmission medium or carrier such as 
over electrical wiring or cabling, through fiber optics, or 
via electromagnetic radiation, wherein, when the pro- 
gram code is loaded into and executed by a machine, 
such as a computer, the machine becomes an appara- 
tus for practicing the invention. When implemented on 
a general-purpose processor, the program code seg- 
ments combine with the processor to provide a unique 
device that operates analogously to specific logic cir- 
cuits. 

[0095] It will be further understood that various chang- 
es in the details, materials, and arrangements of the 
parts which have been described and illustrated in order 
to explain the nature of this invention may be made by 
those skilled in the art without departing from the scope 
of the invention as expressed in the following claims. 

Claims 

1. In an optical network comprising an optical splitter 
connected to (1) a working optical subscriber unit 



(OSU) of a working circuit, (2) a protection OSU of 
a protection circuit, and (3) one or more optical net- 
work tenninals (ONTs), wherein at least one ONT 
comprises (i) a working line tennination (LT) unit of 

5 the working circuit and connected to the optical 
splitter via a working optical fiber and (ii) a protec- 
tion LT unit of the protection circuit and connected 
to the optical splitter via a protection optical fiber, a 
method for enabling fast protection switching from 

10 the working circuit to the protection circuit, compris- 
ing the steps of: 

(a) synchronizingthe working and protection LT 
units of the at least one ONT; 
15 (b) measuring an^ival times of corresponding 

downstream cells at both the working and pro- 
tection LT units of the at least one ONT; 

(c) transmitting information related to the an^ival 
times from the at least one ONT to the protec- 

20 tion OSU; and 

(d) generating at least one propagation delay 
value based on the transmitted infomnation for 
use by the protection OSU for communications 
with the at least one ONT if and when protection 

25 switching is implemented upon detection of a 

failure in the working circuit. 

2. The invention of claim 1 , wherein the optical splitter 
is a passive optical splitter and the optical network 

30 confonns to ITU-T Recommendation G.983. 1 . 

3. The invention of claim 1 , wherein the optical net- 
work further comprises: 

35 one or more additional working OSUs, each 

connected via an additional working optical fib- 
er to an additional optical splitter, which is fur- 
ther connected to one or more additional ONTs; 
and 

^0 an optical switch connected to each of the op- 

tical splitters via a protection optical fiber and 
to the protection OSU, wherein the optical 
switch Is controlled to sequentially connect the 
protection OSU to each of the optical splitters 

^5 to implement steps (a) through (d) to generate 

a different propagation delay value for each 
working OSU for use by the protection OSU for 
communication with the one or more ONTs cor- 
responding to a particular working OSU if and 

50 when protection switching is implemented upon 

detection of a failure in the working circuit cor- 
responding to the particular working OSU. 

4. The invention of claim 1 , wherein the corresponding 
55 downstream cells are downstream PLOAM cells 

that are not associated with ranging by the working 
OSU. 
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!. The invention of claim 1 , wherein the con-esponding 
downstream cells are downstream PLOAM cells 
that are associated with ranging by the workina 
OSU. 

5 

. The invention of claim 1 , wherein step (d) comprises 
the step of generating the propagation delay value 
is generated taking into account differences in up- 
stream and downstream transmission speeds that 
result from different upstream and downstream lo 
transmission wavelengths. 

The invention of claim 1 . wherein the protection 
OSU is configured into the optical network after the 
working OSU has completed ranging for the one or is 
more ONTs. 



A machine-readable medium, having encoded ther- 
eon program code, wherein, when the program 
code is executed by a machine, the machine imple- 20 
ments, in an optical network comprising an optical 
splitter connected to (1 ) a working optical subscrib- 
er unit (OSU) of a working circuit, (2) a protection 
OSU of a protection circuit, and (3) one or more op- 
tical network terminals (ONTs), wherein at least one 25 
ONT comprises (i) a working line temiination (LT) 
unit of the working circuit and connected to the op- 
tical splitter via a working optical fiber and (ii) a pro- 
tection LT unit of the protection circuit and connect- 
ed to the optical splitter via a protection optical fiber. 30 
a method for enabling fast protection switching from 
the working circuit to the protection circuit, compris- 
ing the steps of: 

.(a) synchronizing the working and protection LT 35 
units of the at least one ONT; 

(b) measuring arrival times of con-esponding 
downstream cells at both the working and pro- 
tection LT units of the at least one ONT 

(c) transmitting infomiation related to the arrival 40 
times from the at least one ONT to the protec- 
tion OSU; and 

(d) generating at least one propagation delay 
value based on the transmitted infomnation for 
use by the protection OSU for communications 45 
with the at least one ONT if and when protection 
switching is implemented upon detection of a 
failure in the working circuit. 
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(54) Fast protection switching by snooping on downstream signals in an optical network 



(57) An optical network has an optical splitter con- 
nected to (1) a working optical subscriber unit (OSU) of 
a working circuit, (2) a protection OSU of a protection 
circuit, and (3) one or nnore optical network terminals 
(ONTs), where an ONT lias (i) a working line tennination 
(LT) unit of the working circuit and connected to the op- 
tical splitter via a working optical fiber and (ii) a protec- 
tion LT unit of the protection circuit and connected to the 
optical splitter via a protection optical fiber. The present 
invention enables fast protection switching from the 
working circuit to the protection circuit. The arrival times 
of corresponding downstream cells are measured at 
both the working and protection LT units of the ONT, and 
infonnation related to the arrival times is transmitted 
from the ONT to the protection OSU. A propagation de- 
lay value is generated based on the transmitted infor- 
mation for use by the protection OSU for communica- 
tions with the ONT if and when protection switching is 
implemented upon detection of a failure in the working 
circuit. 
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